Introduction
Halide organometal perovskite materials attracted a major attention owing to their outstanding photovoltaic properties and performance.
1 Indeed, halide perovskite-based singlejunction solar cells demonstrated increase of efficiency from 3.8% 2 to over 21% 3, 4 in under 10 years period. Efficiency and performance of perovskite based light-emitting devices are also rapidly growing, 5 which make them prospective for applications in displays. However, halide perovskites suffer from relatively low thermal conductivity, 6 which results in devices overheating and might strongly affect their applicability. Thus, finding the way for efficient cooling of perovskite active layers in devices would solve number of technological problems.
One of the possible solutions is optical cooling, when absorption of photon with lower energy than that of emitted (so-called up-conversion) results in absorption of additional phonon for energy conservation. Low trap-state density 7 and high photoluminescence quantum yield, 8 and pronounced excitonic states at room temperature in bulk halide perovskites resulted in high efficiency of up-conversion, 9 and, thus, in the decrease of local temperature by 20 K upon laser irradiation. Further optimization of the optical cooling requires both enhanced quantum yield of emission and improved absorption of incident light in the material. Therefore, nanophotonic structures with optical resonances can be beneficial in terms of optical cooling. The perovskites also have a fairly high refractive index (2.0 -2.5 around exciton), which makes them promising for using in nanophotonics applications due to the ability of a single dielectric resonant nanoparticle (NP) to achieve strong resonant response and light localization, 10 whereas the excitation of resonances in the nanocavities results in sufficient improvement of emission rate. In this work, we theoretically propose enhanced optical cooling in a resonant perovskite Results and Discussion The considered approach of laser cooling via phonon up-conversion photoluminescence, as described by Ha et al., 9 consists of three main steps: i) absorption of the incident pump, ii) generation of the carriers, and iii) emission. Since the ii) is mostly governed by the material and its properties, which was taken the same in this work, i) and iii) can be significantly enhanced by Mie-resonances and Purcell factor 11 in the NP, respectively, thus improving the cooling efficiency in total.
Photocarrier generation. Total carrier concentration at a laser irradiation is given by sum of equilibrium (n 0 for n-type and p 0 for p-type) and photogenerated (∆n and ∆p)
carrier concentrations:
The radiation recombination rate (R rad ) per unit time and per unit volume is proportional to the product of electron and hole concentrations as following:
where B is bimolecular recombination coefficient. For lead halide perovskites, the photogenerated carrier concentration is larger than equilibrium carrier concentration, 7 i.e. ∆n (n 0 + p 0 ). In this case, the recombination rate can be evaluated as:
where N = ∆n = ∆p is laser induced electron-hole carrier density.
For non-radiative recombination, two processes occur: trap-assisted recombination and
Auger recombination. The non-radiation recombination rate (R nonrad ) for this case is given by:
where A is monomolecular recombination coefficient, C is trimolecular recombination coefficient.
For steady-state conditions with continuum wave (CW) illumination at a given temperature, the electron-hole carrier density laser induced in bulk material is obtained from the following equation:
where I is the laser intensity, ω i is the frequency of incident light, and α is the absorption coefficient. Therefore, we propose, that the cooling could be significantly increased by enhancing the absorption term
via Mie-resonances in a single nanocavity and increasing radiation recombination by boosting spontaneous emission rate (BN 2 term).
Absorption. Optical response and resonant properties of a nanocavity strongly depend on its permittivity. Since the considered wavelength region for photoluminescence upconversion is below the band gap energy of the MAPbI 3 perovskite, the dependence of dielectric permittivity ε of materials with a strong excitonic contribution can be given by the standard relation for frequency ω:
where ω exc is the central frequency of excitonic transition, f is the strength of a dipole oscillator, γ is the damping factor, 0 is the background dielectric constant. For MAPbI 3 in this work, the parameters values were taken as following: Emission rate. Another key parameter for the optical cooling is quantum efficiency η of emission from the material or nanostructure. Generally, from Eq. 6 one can derive it as following:
Therefore, it is crucial to increase η via Purcell effect with a nanocavity. For example, it was
shown that for electric dipole transition in a dielectric spherical NP, the average emission rate acceleration can be calculated as described by Chew 24 (for details, see Supporting
Information Part III).
The results for calculation of emission rate enhancement or Purcell factor (F p = R Optical cooling in air: an analytical study. The ability of nanostructures to support optical cooling is governed by the cooling ratio, which was introduced by 22 as following:
where η is luminescence quantum efficiency, ω P L is PL frequency. There are two ways to enhance optical cooling as it follows from Eq. 9. Firstly, one can increase external radiative quantum efficiency via decreasing the radiation lifetime. As shown in Figure 2b For a single NP, the kinetic equation 6 is modified by taking into account a radiative recombination term and the Mie-enhanced absorption:
where F p is the Purcell factor, σ abs is the absorption cross section and V is the volume of the NP. Solution of Eq. 10 for given nanosphere diameter and wavelength of the excitation gives the value of light induced electron-hole carrier density N .
The cooling efficiency η c is determined by the ratio of the cooling power (P lum − P abs ) and absorbed power (P abs ):
where the recombination constants (A = 1.4 10 7 s −1 , B = 9.2 10 −10 cm −3 s −1 , C = 1.3 10
were taken elsewhere.
26
In order to determine the temperature change of the NP under laser illumination one should consider the stationary heat transfer equation and taking into account only radial heat distribution:
where κ is thermal conductivity. Since the thermal conductivity of MAPbI 3 6 is much larger than of surrounding air medium, 27 the temperature distribution inside the NP can be considered as homogeneous. The expression for the temperature variance inside the NP can be found by solving the Eq. 12 and appears to be following (for details, see Supporting Information Part V):
where κ air =0.022
is the thermal conductivity of the air medium and D is the diameter of a nanosphere. According to our simulations, the cooling of larger NPs (D>600 nm) is possible, but the value of temperature change is less than that for the most optimal case (D=530 nm). Fig. 4 , the resonant response remains at very same diameter of D=530 nm as it was shown in analytical calculations in Fig. 3 . Also, numerically calculated electric field distributions for wavelength of luminescence and pump reveal strong field localization at given wavelengths (Fig. 4b) . According to Eq. 13, higher laser intensity at given wavelength and nanocavity parameters leads to enhanced cooling effect. For example, the most optimal design of MAPbI 3 NP (D=530 nm) yields the lowest temperature (∆T ≈ −110K) at laser intensity I = 7 · 10 6 W/cm 2 ( Fig. 5a ). As shown in correspond to even slightly better quantum efficiency, but the temperature change directly depends on incident intensity according to Eq. 13.
In order to prove that diameter D=530 nm of the nanosphere provides the most optimal condition, the dependence of temperature on NP size (Fig 5b) was carried out numerically.
Indeed, the best cooling from the room temperature of ∆T ≈ −110K can be achieved for diameter D=530 nm, where both Purcell effect and absorption cross section at magnetic octupole and quadrupole, respectively, are contributed considerably. The steady-state temperature distribution for MAPbI 3 nanosphere with 530 nm diameter at 980 nm wavelength excitation with intensity of I = 7 · 10 6 W/cm 2 and emission at λ=770 nm is presented in the upper part of Fig. 5c . Mostly, the temperature distribution appears to be homogeneous, whereas some temperature gradient occurs in the area of contact with the glass substrate. 
Conclusion
We have demonstrated the resonant phonon-assisted up-conversion photoluminescence optical cooling approach based on enhancement of the emission rate and photoexcitation with Mie resonances at pump and emission wavelengths. The numerical and analytical modeling have revealed that the highest cooling efficiencies for a halide perovskite spherical NP correspond to the excitation of magnetic-type Mie modes. Namely, magnetic octupole at the emission and magnetic quadrupole at absorption allow for cooling a single nanocavity by
